Abstract: Improved science and climate literacy are needed for planetary citizens to better understand the implications of global change and related Earth system feedbacks. Unfortunately, misconceptions about climate system functioning can be reinforced and become ingrained. Such mistaken beliefs present a barrier that must be broken down in order to improve climate literacy. This contribution addresses three examples of common misconceptions contributing to scientific and climate illiteracy, with an emphasis on inappropriate conceptual models or the inappropriate application of reasonably good models. However, identifying a problematic concept or misconception and providing an alternative explanation is not enough. Confrontational methods in which traditional answers are shown to be in conflict with the scientific observations have generally failed to assist in advancing climate literacy. What is needed is the creation of a learning environment wherein students can practice scientific thinking. Communication among peers has been shown as an effective method to help students realize that science is about thinking critically and asking questions, especially when observations do not fit an ingrained idea. Especially challenging are emergent concepts, those where the outcome is the result of a number of interacting processes and the net result is not directly obvious. The three emergent process misconceptions addressed in this paper are the applicability of the 3-cell model of global circulation, ocean circulation as the cause of mild European winters, and a rain shadow as the reason for a semi-arid climate in eastern Colorado. It is hoped that this presentation of three emergent process misconceptions and the related discussion regarding more appropriate instructional methods will eventually assist with improving climate literacy.
INTRODUCTION
Planetary sustainability concerns and the current pace of global change strongly suggest a need for a general public and decision makers who are knowledgeable about Earth system functioning and the human drivers of change. While human population growth, land cover change, species extinction, and resource consumption rank high among the ongoing changes that impact planetary sustainability, it is perhaps climate change and associated global warming that have received the most scientific and media attention in recent years. Unfortunately, this scientific and media attention has not necessarily been accompanied by a related improved scientific understanding of the functioning of the global climate system, ongoing human-induced change, and the local expression of global change among members of the general public.
Climate science literacy is an important concern as human-induced change in terrestrial cover and atmospheric chemistry result in changes to our global energy budget. Planetary citizens need improved science and climate literacy to better understand the implications of these anthropogenic changes and related system feedbacks. Improved climate literacy requires knowledge of the nature of science as a way of knowing and the scientific foundations that drive important processes within the climate system (Rebich and Gautier, 2005; Gautier et al., 2006; Parker et al., 2008) . Ongoing rapid warming in high latitudes of the Northern Hemisphere and the associated loss of Arctic Ocean sea ice are more readily understood when linked to the "ice-albedo" positive feedback mechanism. Knowledge of energy fluxes, energy transformations, and the role of albedo in energy absorption are important ideas that lead to an improved understanding of high latitude warming and sea ice trends over time.
Unfortunately, not all ideas that the general public has about the workings of the atmosphere and/or the climate system are well grounded in science (Cordero, 2001; Gautier et al., 2006) . Examples of "bad meteorology" or "bad science" have been compiled (Fraser, 2008) , and these examples help document the problem of climate illiteracy. Christidou et al. (1997) suggest that metaphors can be used as educational tools in understanding ozone depletion, but some of the entries in the "bad meteorology" listing are the result of poor metaphors. Other "bad meteorology" entries are based on an anthropomorphic fallacy, such as "nature abhors a vacuum." Personification, wherein the inanimate is given a human trait (e.g., the ability to abhor), is counterproductive in developing a populace that clearly understands the processes that underlie how science and climate science work. For example, warmer air certainly does contain more of the needed energy to drive the evaporation process and that additional energy can lead to higher specific humidity values. However, air does not have an ability to "hold" more water vapor as the energy content of the air rises. Suggesting that a mixture of primarily nitrogen and oxygen gases can "hold" another atmospheric gas misses the teachable moment regarding a reasonable description of how available energy within the system drives phase changes and fluxes of H 2 O. Other examples of bad meteorology include: the shape of raindrops, the atmosphere acting like a greenhouse, greenhouse gases acting like a blanket, and the impact of the Coriolis effect on fluid rotation in household plumbing (Fraser, 2008) .
A key component of science, the scientific method, and therefore climate literacy is an awareness of the need to test ideas and not just accepting the first explanation provided (Parker et al., 2008) . Hypothesis testing to ensure argument validity is a cornerstone of the scientific method and a major way to improve our understanding of system functioning over the course of time.
There in an ongoing dialog on climate literacy, and this contribution addresses three selected examples of scientific and climate illiteracy with an emphasis on misconception, inappropriate conceptual models, or the inappropriate application of reasonably good models to assist with explanations of how aspects of the climate system function. In all three cases, traditional explanations of system functioning are ingrained and these traditional explanations present a barrier that must be broken down in order to improve climate literacy. In order to successfully deal with misconceptions, it is suggested that more is needed than just identifying the problem. According to Chi (2005, p. 162) , "confrontational methods in which the students' answers are shown to be in direct conflict with the observed physical outcome . . . have generally failed to improve their understanding."
Conceptual change is required when the new information to be learned is in conflict with existing knowledge (Vosniadou and Verschaffel, 2004) . Posner et al. (1982) presented a theoretical grounding regarding conceptual change that involves (1) identifying student preconceptions, (2) creating opportunities for students to explore, test, and make predictions based on these preconceptions, (3) creating situations where the limits of preconceptions become apparent, and (4) providing multiple examples wherein scientific conception has better predictive power than the preconception. Others advocate an inquiry-based approach where students who understand the nature of science are encouraged to "practice and implement the processes and thinking skills associated with the work of professional scientists" (Libarkin and Kurdziel, 2001, p. 380) . A student-centered approach, wherein students are encouraged to test new ideas and explore alternatives, was found to be effective in helping change conceptual understanding of the reasons for the seasons (Hsu, 2008) . Unfortunately, some misconceptions are robust, and Chi (2005) suggests that those related to emergent processes, as opposed to direct processes, are more resistant to instructional remediation. Emergent processes/patterns are those in which the outcome is the summative (or net) outcome of a number of processes and the causal mechanism of the pattern is not direct. It is hoped that this contribution and the presentation of three emergent misconception examples will eventually assist with improving climate literacy.
First, meridionally oriented models of global circulation, and the "three-cell model" in particular, will be used to illustrate some problems that arise when an inappropriate conceptual model is used to assist with explanation of general extratropical atmospheric circulation (Harrington and Oliver, 2000) . Next, the contribution of Seager (2006) will be summarized to illustrate the use of the heat capacity of water as a better scientific explanation for mild European winters than the misconception of warming related to the Gulf Steam/North Atlantic Drift. Finally, application of the "rain shadow" concept to the Rocky Mountains in Colorado will be used to elucidate how model application in locations that do not fit the basic model design yields a poor explanation. In all three cases presented, it will be demonstrated that "doing good science" and attempts at testing/validation can present findings that do not match model predictions. Good science or climate science literacy would suggest a need to search out a different model for explanation or to significantly modify the existing model.
A CONCEPTUAL MODEL OF GLOBAL ATMOSPHERIC CIRCULATION
Our atmosphere is in constant motion and that motion varies in intensity and location as the seasonal geography of solar forcing changes. While there is a chaotic component to atmospheric flows, interpretation and synthesis of volumes of data on wind speed and direction indicate that a pronounced seasonal cycle exists and that the modal and mean patterns are quite similar. Development of models to assist in the explanation of atmospheric circulation began with Hadley's (1735) single meridional cell based on his synthesis of surface-based wind observations and ideas related to the conservation of mass. Subsequent 19th century models of atmospheric circulation also used hypothesized flows in an equator-to-pole crosssection of the troposphere, but added a second and north-south-oriented cell in the midlatitudes (the Ferrel Cell) and a third (Polar Cell) in high latitudes. Unfortunately, this conceptual three-cell model (which is frequently used to explain the global circulation in encyclopedias, high school earth science texts, and college-level laboratory exercises) fails to account for seasonal differences in the strength of major extratropical surface pressure cells in the Northern Hemisphere (Harrington and Oliver, 2000) . Rather than the belts of high and low pressure suggested by the threecell model, maps of January mean surface pressure exhibit pronounced winter season lows in northern portions of the Atlantic and Pacific oceans (i.e, the Icelandic and Aleutian Lows) and a large area of high pressure over the eastern portion of the Eurasian landmass (the Siberian High); a less pronounced area of high pressure can be found over western Canada. These major winter season centers of action are missing from July maps of mean surface pressure.
The three-cell model also suggests the importance of meridional flow, but observations clearly indicate that the extratropical circulation has a pronounced zonal component (Hare, 1960) . A more relevant conceptual model of extratropical atmospheric circulation in the Northern Hemisphere can be assembled by addressing the primary reason(s) for wind flow in our atmosphere and how land and sea differences influence the orientation of that wind flow. Driven by latitudinal differences in energy fluxes and absorption at the surface and in the atmosphere, tropospheric thickness is considerably different when warmer tropical latitudes are compared with cooler, high-latitude areas. This tropical-extratropical difference in tropospheric thickness increases during the winter season. While equator-to-pole atmospheric pressure differences are minor near the Earth's surface, the impact of atmospheric energy content and differing tropospheric thickness produces a pattern aloft of higher pressure in tropical latitudes and lower pressure toward the poles. This geography of latitudinal pressure difference is both stronger in the cold season and more pronounced with height above the Earth's surface.
Because winds are a response to a horizontal pressure difference and with the tropical-to-higher latitude pressure difference increasing with height above the surface, we find that winds are stronger with increasing height in the troposphere. These strong upper tropospheric winds begin flowing poleward, but are soon turned to the east as a result of Coriolis deflection related to planet rotation. As one would expect, these upper-level westerlies are stronger and move more mass during the cold season, when the thickness and pressure differences aloft are stronger. Given the strength and importance of the upper-level westerlies, a conceptual model of wind flow in the troposphere should clearly show this west-to-east, or zonal, flow.
Based on modern observations of extratropical flow in the troposphere, it is clear that the predominant motion is west-to-east in a vast circumpolar swirl (Hare, 1960) . Rossby (1939) used knowledge of variations in the orientation and intensity of this zonal flow to discuss linkages between the flow aloft, eddies, equator-to-pole energy exchange, and the semipermanent centers of action at the surface. Harman (1991) has documented that seasonal changes in the anchor locations for ridges and troughs in the westerlies can be linked through vertical motions to the major winter-season surface pressure cells (or semipermanent centers of action). North-tosouth energy exchange does occur in the belt of the extratropical upper-level westerlies, but this exchange is linked to eastward-moving wave cyclones rather than organized meridional motion suggested by a hypothetical Ferrel cell.
The three-cell conceptualization is linked to the history of idea development and was based on the data available at the time. Good scientific practice requires that ideas be repeatedly tested with observations and measurement to assess the ongoing validity of the explanation. James (1967, p. 19 ) addresses persistence of error in geography and discusses wind zones as an example of a persistent error and advocates for "new hypothetical models of atmospheric circulation." Based on the information and reasoning provided above, Harrington and Oliver (2000) suggested using maps, both aloft and at the surface, to illustrate the mean patterns of sinuous flow aloft and the related surface pressure cells to provide a better illustration of air flow in areas outside the tropical half of the Earth-atmosphere system. With modern data collection of wind information both aloft and at the surface, it is clear that the three-cell conceptualization is no longer appropriate for use in teaching the climatology of atmospheric circulation for extratropical areas. As our knowledge of methods to improve science education improves, providing students with an appropriate understanding of the components of the workings of the winds will assist them in constructing a model of how the extratropical circulation emerges.
THE REASON(S) THAT WESTERN EUROPE HAS A MILD WINTER CLIMATE
It is quite common to read explanations for the relatively mild European winter climate that suggest a great deal of credit for the warmth is provided by the poleward-flowing Gulf Stream. This idea follows from Maury (1855, p. 45) , who suggested that ocean currents supply the heat that ameliorates "the climates of the British Islands and of all Western Europe." Seager (2006) refers to this conceptualization as "a myth" following his detailed studies that looked at the physical processes involved in creating the marine climates of northwest North America and northwest Europe.
An alternative explanation for mild winter conditions relies in part on what Seager (2006) suggested is a standard of high school geography education: an understanding of the heat capacity of water compared with soil. Typically, that school geography lesson also includes slower warming with energy accumulation happening within a large volume in the near-surface ocean. Areas downwind of large water bodies have a pronounced maritime climatic regime, with relatively cool summers and mild winters.
Climate modeling by Seager et al. (2002) tested a number of scenarios to examine the impact of potential changes in the Earth system on the climate of Western Europe. A comparison of model runs with ocean energy transport turned on and off showed little to no change in the temperature contrast between eastern North America and Western Europe. Further model runs were performed to assess the impact of upper tropospheric airflow (the Westerlies) over the mountains of western North America on winter season climate conditions. In a scenario with the mountains removed, the winter season climatic contrasts on opposite sides of the Atlantic were considerably reduced. Seager et al. (2002) concluded that a major reason for the temperature contrasts on opposite sides of the Atlantic is a result of differences in advection by average winds. A mean trough over eastern North America is associated with considerable cold air advection toward more southerly latitudes on the western side of the Icelandic semipermanent pressure center, whereas mean winds on the east side of the low support warm air advection into Western Europe.
Climate literacy involves a recognition that modeling can help improve our understanding of climate system functioning, especially when a considerable number of processes are involved. The work by Seager et al. (2002) helps reinforce an alternative explanation for Western European winter warmth that involves the physical properties of water and prevailing wind regimes. Seager (2006, p. 341 ) provides these concluding comments:
But at root, it is the ignorance of how regional climates are determined that allows this misinformation to gain such traction. Maury should not be faulted; he could hardly have known better. The blame lies with modern-day climate scientists who either continue to promulgate the Gulf Stream-climate myth or who decline to clarify the relative roles of atmosphere and ocean in determining European climate. This abdication of responsibility leaves decades of folk wisdom unchallenged, still dominating the front pages, airwaves and Internet, ensuring that a wellworn piece of climatological nonsense will be passed down to yet another generation.
Rather than just pointing out the problem and blaming climate scientists, it is likely that use of a student-centered and inquiry-based approach to help students think about how the processes associated with maritime climates across the globe will help in addressing this misconception.
MISAPPLICATION OF THE RAIN SHADOW CONCEPT
A number of well-known scientific processes combine to provide an emergent conceptual model of what happens when humid air originating over a large body of water moves over land and is forced to ascend over a terrain barrier (e.g., a mountain range). The forced orographic ascent on the windward side of the terrain barrier results in cooling of the air column, condensation and cloud formation, and an increased likelihood of precipitation. In addition, energy is released into the air column as water vapor condenses into liquid droplets. As the airstream moves away from the crest of the mountains, the air warms in its forced descent down the leeward side. Taken together, these processes and the related observations of temperature, clouds, and precipitation produce two conceptual models, referred to as (1) orographic precipitation and (2) a rain shadow. According the Glossary of Meteorology (Greer, 1996, p. 625) , a rain shadow is a "region of sharply reduced precipitation on the lee side of an orographic barrier, as compared with regions upwind of the barrier." The Glossary of Meteorology goes on to elucidate the process and provide three relevant examples:
Slopes facing windward with respect to prevailing or seasonal moisturebearing flows typically experience heavy orographic precipitation. To the lee of the barrier, however, the sinking air warms, dries, and becomes more stable, suppressing precipitation. Two dramatic and often-cited examples are the Ghat(s) Mountains of western India, which receive annually more than 600 cm of rainfall at locations on their western slopes but 60 cm or less on their eastern slopes, and the island of Hawaii, where up to 450 cm of rain falls on the slopes facing the northeast trade winds, but less than 100 cm falls at locations on the lee side of the island. A good example of rain shadow in the United States is the region east of the Sierra Nevadas; there the prevailing westerly winds deposit most of their moisture on the western slopes of the range, whereas to the east lies the Great Basin desert. (Greer, 1996, p. 625) The glossary entry for orographic precipitation is: orographic precipitation-Precipitation caused or enhanced by one of the mechanisms of orographic lifting of moist air. Examples of precipitation caused by mountains include rainfall from orographic stratus produced by forced lifting and precipitation from orographic cumuli caused by daytime heating of mountain slopes. Many of the classic examples of locations having excessive annual precipitation are located on the windward slopes of mountains facing a steady wind from a warm ocean. (Greer, 1996, pp. 547-548) There is more to the concept of a "rain shadow" than just being downwind of a major terrain barrier. Maps of the isohyets of mean annual precipitation for the Western Ghats of India, the "big island" of Hawai'i, and the Sierra Nevada area in California all indicate a marked contrast in precipitation on contrasting sides of the mountains.
Unfortunately, the rain shadow concept is frequently used in an attempt to explain the relatively low precipitation totals in areas that do not fit the conceptual model, such as the High Plains of eastern Colorado and western Kansas (e.g., Rosenberg, 1987) . Westerly winds that approach the Rocky Mountains of Colorado are typically quite dry, having already lost much of their moisture crossing a prior, upstream terrain barrier. While some precipitation does occur at high elevations in the Colorado mountains during periods of westerly flow, it is not the case that low elevation precipitation totals in eastern Colorado are "sharply reduced" compared with totals on the windward side of the Colorado Rockies. In characterizing the climate of Colorado, Doesken et al. (2003) indicate that precipitation at low elevations in western Colorado averages 8 to 14 inches whereas similar figures for the eastern Plains of Colorado are somewhat greater at 12 to 18 inches. In discussing a moisture source for precipitation in eastern Colorado, Doesken et al. (2003, p. 5) indicate that:
Warm, moist air from the south moves into Colorado infrequently, but most often in the spring, summer, and early autumn. As this air is carried northward and westward to higher elevations, the heaviest and most general rainfalls (and sometimes wet snows) occur.
Good scientific practice would suggest that the "rain shadow" conceptual model not be used to explain precipitation amounts in eastern Colorado. After all, precipitation totals at low elevations in the downwind location are greater.
If students are asked to think about the "rain shadow" concept and application to the Rockies in Colorado, then examining the evidence and testing of ideas should result. Students might then wonder how a predominantly westerly atmospheric circulation can produce an area of greater precipitation to the lee of a terrain barrier. Searching for an answer might involve use of a synoptic approach, wherein the role of important events is emphasized (Harman and Harrington, 1977) . A synoptic approach would incorporate southerly flows of humid air from the western Gulf of Mexico and drier airstreams from the Chihuahuan Desert. The longitude of the westernmost portions of the Gulf of Mexico can be identified in this developing explanation as an important boundary between these humid and drier airstreams. Variation in the pathways of these contrasting airstreams might then be related to the intensity and frequency of precipitation events that bring moisture to the central High Plains. The explanation could then indicate that, due to flow patterns of prevailing surface airstreams, it becomes increasingly more difficult to transport moisture toward more westerly locations; isohyets of mean annual precipitation could be used to show the pattern of declining precipitation totals as one traverses a trajectory toward the west and north. This alternative conceptualization might also incorporate the wave cyclones that generally traverse the region from west to east and include so-called "conveyor belts" within these cyclonic systems as synoptic wind streams transport moisture upslope and toward the west, helping to provide some of the precipitation to the High Plains.
SUMMARY
This paper begins with a famous quote from Mark Twain for a good reason. Science education is a difficult enough task, but that endeavor is made even more difficult when existing preconceptualizations/explanations need to be debunked so that a better understanding of the body of evidence can be constructed. Science education and climate literacy will benefit greatly if existing barriers to understanding can be broken down. This discussion suggests that it would be important to help students (and the public) in learning that good scientific practice is a process of continual testing and idea improvement, and that science is not just an accumulation of factual or foundational ideas (Parker et al., 2008) . The process of doing science builds from existing knowledge, to idea generation, to testing the "real-world" applicability of those concepts, and either affirming or revising the ideas based on the results obtained. Evidence from classroom studies suggests that allowing students the freedom to do critical and reflective thinking, testing of ideas, and exploring alternatives will be most effective (Parker et al., 2008) . Schwartz et al. (2004) have addressed the development of views about the nature of science and indicate that context, perspective, and reflective journal writing are important for knowledge advancement.
This contribution has presented three examples of existing misconceptions/ barriers and the associated conceptual models regarding the workings of our climate system. From global wind patterns, to reasons for seasonal warmth in Europe, to explanations for the dry climate in eastern Colorado, this contribution has stressed the need to test and verify existing conceptual models. To achieve climate science literacy, we need to create classroom environments wherein students can practice scientific thinking, thereby helping them realize that science is about thinking critically and asking questions when observations do not fit a generalization.
